By using a gene library of Bacillus caldolyticus constructed in phage lambda EMBL12 and selecting for proteolyticaily active phages on plates supplemented with 0.8% skim milk, chromosomal B. caldolyticus DNA fragments that specified proteolytic activity were obtained. Subcloning of one of these fragments in a protease-deficient Bacillus subtUis strain resulted in protease proficiency of the host. The nucleotide sequence of a 2-kb Hinfl-MluI fragment contained an open reading frame (ORF) that specified a protein of 544 amino acids. This ORF was denoted as the B. caldolyticus npr gene, because the nucleotide and amino acid sequences of the ORF were highly similar to that of the Bacillus stearothermophilus npr gene. Additionally, the size, pH optimum, and sensitivity to the specific Npr inhibitor phosphoramidon of the secreted enzyme indicated that the B. caldolyticus enzyme was a neutral protease. The B. stearothermophilus and B. caldolyticus enzymes differed at only three amino acid positions. Nevertheless, the thermostability and optimum temperature of the B. caldolyticus enzyme were 7 to 8°C higher than those of the B. stearothermophilus enzyme. In a three-dimensional model of the B. stearothermophilus Npr the three substitutions (Ala-4 to Thr, Thr-59 to Ala, and Thr-66 to Phe) were present at solvent-exposed positions. The role of these residues in thermostabiity was analyzed by using site-directed mutagenesis. It was shown that all three amino acid substitutions contributed to the observed difference in thermostability between the neutral proteases from B. stearothermophilus and B.
Bacterial species belonging to the genus Bacillus secrete a variety of enzymes, some of which are of economical importance, in particular the ax-amylases and proteinases (5) . The various Bacillus species show large variations in optimum growth temperatures, which are often, but not invariably, reflected in the thermostabilities of their extracellular enzymes (23) . By comparing thermostable and thermolabile variants of homologous enzymes, information on the mechanisms involved in thermostability of enzymes can be obtained (22, 31, 37) .
We selected the neutral proteases from bacilli as a model system in such an approach. Neutral proteases (Npr) are metalloendoproteinases which show optimum activity at neutral pH. These enzymes contain one zinc atom per molecule and may be stabilized by calcium binding (17) . Several npr genes have been cloned and expressed in Bacillus subtilis, including the genes from B. subtilis, Bacillus stearothermophilus and Bacillus amyloliquefaciens, and their nucleotide sequences have been determined (8, 12, 18, 33, 38, 40, 44) . Recently, the npr gene from Bacillus brevis was also cloned and sequenced (la) . Additionally, the primary and tertiary structures of the neutral proteases from Bacillus cereus and Bacillus thermoproteolyticus have been determined (21, 28, 34, 35) . The neutral proteases from B. subtilis and B. amyloliquefaciens are rather thermolabile, whereas the enzymes from B. stearothermophilus and B. thermoproteolyticus show a considerably higher level of resistance towards thermal inactivation. The enzyme from B. cereus exhibits an intermediate thermostability (34) . * Corresponding author.
By comparison of the primary and tertiary structures of neutral proteases, several residues and structures which might be involved in thermostability in this class of enzymes have been identified. The role of some of these residues and structures was examined by means of site-directed mutagenesis (5a, 6) .
On the basis of the consideration that accurate predictions of residues involved in thermostability would benefit from the availability of an extended range of neutral proteases, we isolated and cloned the neutral protease gene from Bacillus caldolyticus, which is able to grow at temperatures as high as 85°C (11) . This paper describes the isolation of the gene by using a technique which enabled the direct selection of DNA fragments encoding proteolytic enzymes.
MATERIALS AND METHODS
Bacterial strains, phages, plasmids, and media. The bacterial strains and plasmids used are listed in Table 1 . B. caldolyticus was grown in TY broth (3) at 70°C. B. subtilis and Escherichia coli were grown in TY broth at 37°C. Phage was plated on Trypticase-peptone agarose prepared essentially as described by Frischauf et al. (7) , with E. coli NM538 and NM539 as indicators. Skim milk (0.8%, wt/vol) was added to the plates to visualize protease activity, and agar was replaced by agarose to obtain brighter halos.
When required, the following antibiotics were added (in micrograms per milliliter): for E. coli, ampicillin (100), chloramphenicol (25) , and kanamycin (50); for B. subtilis, chloramphenicol (5) and kanamycin (10) .
DNA isolations. Total genomic DNA was extracted from B. caldolyticus grown in TY broth at 70°C essentially as (20) . Southern transfer was carried out by diffusion blotting of the restriction fragments from agarose gels (0.8%, wt/vol) on GeneScreen Plus (NEN-Dupont), under alkaline conditions, by the method of Maniatis et al. (20) . Hybridization and signal detection was performed with digoxigenindUTP-labeled probes as described for plaque hybridizations.
DNA sequencing analysis. DNA restriction fragments were subcloned in pUC19 (45) and transformed into E. coli JM101. Nucleotide sequences were determined by the dideoxy nucleotide chain termination method (32) , with T7 DNA polymerase, universal sequence primers, and ox-35S-dATP (2). Nucleotide and amino acid sequences were analyzed and aligned by using the Microgenie Sequence Analysis Program (30) .
Detection of protease-producing phages and colonies and assay of protease activity. Protease-producing recombinant phages and B. subtilis colonies were identified on the basis of halo formation on plates containing skim milk (0.8%, wt/vol [29] ). Protease activity was determined on the basis of casein hydrolysis, essentially as described by Fujii et al. (8) . The amount of released tyrosin was determined spectrophotometrically at 275 nm after trichloroacetic acid precipitation. The thermal stability of purified neutral proteases was determined by incubating purified enzymes at different temperatures for 30 min, followed by measurement of the residual activity in 50 mM Tris-HCl-5 mM CaCl2, pH 7.0, containing 0.7% casein (wt/vol). The temperature at which 50% residual activity was present was denoted Tm. Temperature optima were determined by incubating purified enzyme in 50 mM Tris-HCl-5 mM CaCl2, pH 7.0, containing 0.7% casein (wt/vol) for 60 min at different temperatures.
Inhibition of casein hydrolysis by phosphoramidon was determined at 37°C by using different concentrations of the Npr-specific inhibitor.
Purification of extracellular protease. Extracellular proteases produced by B. subtilis DB117 harboring plasmids with the npr genes from B. stearothermophilus and B. caldolyticus, pGE501 and pGB302, respectively, were purified with Bacitracin-silica as described previously (39) . Peak fractions were analyzed by means of casein hydrolysis and tested for purity with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), essentially by the method of Laemmli (19) with the Minitan gel electrophoresis system (Bio-Rad Laboratories, Watford, Hertfordshire, United Kingdom). Protein concentrations were determined by using the BCA protein assay reagent (Pierce, Rockford, Ill.). Bovine serum albumin was used as a standard.
N-terminal sequence determination. Purified B. caldolyticus Npr was subjected to SDS-PAGE and electroblotted on Immobilon membranes (Millipore, Bedford, Mass.). After staining with Coomassie brilliant blue R-250, protein migrating at the position of mature Npr was cut out and used for N-terminal sequence determination in an automated gasphase protein sequenator (Applied Biosystems, Foster City, Calif.).
Site-directed mutagenesis. Mutagenic oligonucleotides were synthesized with an Applied Biosystems DNA synthesizer. The primers used are listed in Table 2 . Mutagenesis was performed by using the gapped-duplex method of Stanssen et al. (36) . The mutation efficiency was between 5 and 85%. Clones were analyzed by restriction analysis, and fragments containing the proper restriction sites were sequenced by the method of Sanger et al. (32) . DNA fragments containing the mutations were then transferred to a deletion variant of the production plasmid pGE501 and transformed to B. subtilis DB117. Proteolytically active B. subtilis colonies were identified on TY-agar plates (supplemented with 0.8% skim milk as a protease substrate) by their ability to form halos. Site-directed mutagenesis was used to construct the three single mutations (Fig. 1) . The double and triple mutants were constructed by the exchange of DNA restriction fragments between pGE501 and mutant clones constructed therein and pGB302 ( Fig. 1 and 2 ). The double mutant containing an Ala-59 and a Phe-66 (pGE501-T59A/ T66F) was constructed by substituting the 888-bp Sall fragment of pGE501 with that of pGB302. The other two double mutants and the triple mutant were obtained by ligating the 1.8-kb SnaBI fragment of pGE501-A4T to the 3.0-kb SnaBI fragments of pGE501-T59A, pGE501-T66F, and pGE501-T59A1T66F, yielding pGE501-A4T/T59A, pGE501-A4T/ T66F, and pGE501-A4T/T59A/T66F, respectively. The presence of the mutations was tested by restriction analysis and sequence determination.
Mutations were constructed in the B. stearothermophilus npr gene, since production of the B. stearothermophilus enzyme in B. subtilis was several times higher than that of the B. caldolyticus enzyme (see below).
Enzymes and chemicals. Restriction enzymes, T4 DNA ligase, and Klenow polymerase, obtained from Boehringer Mannheim, and T7 DNA polymerase, purchased from Pharmacia-LKB (Uppsala, Sweden), were used according to the instructions of the manufacturers. a-35S-dATP was purchased from Amersham International plc, Buckinghamshire, United Kingdom. All other chemicals were of analytical grade.
Nucleotide sequence accession number. The GenBank/ EMBL accession number for the sequence shown in Fig. 3 (Fig. 2) . The nucleotide sequence of this fragment was dete'rmined. This sequence (Fig. 3) revealed an open reading frame (ORF) of (8, 12, 44) and is, therefore, probably also synthesized as a pre-pro protein. The putative pre structure of the B. caldolyticus Npr shows characteristics of a typical signal sequence (43) ; the NH2-terminal part (n region, amino acids 1 to 4) contains two positively charged amino acids (Lys-3 and Arg-4) and is followed by the h Fig. 3 was determined to have the highest probability of processing (P = 57.6). The N-terminal sequence determination of the extracellular enzyme revealed the sequence Val-Ala-Gly-Thr-Ser-Thr-Val. Therefore, the maturation site of the B. caldolyticus Npr (Fig. 3) is identical to the one used in B. stearothermophilus Npr. Alignment of the amino acid sequences of the Nprs from B. stearothermophilus and B. caldolyticus (Fig. 5) showed that their mature parts were nearly identical. They only differed at positions 4, 59, and 66 of the mature enzymes. The presumed pre-pro parts of the enzymes were much less similar ( Table 3) .
Characterization of B. caldolyticus Npr secreted by B. subtilis. B. caldolyticus Npr expressed in B. subtilis was purified to homogeneity from the culture supernatant by using Bacitracin-silica, and thermostabilities and temperature optima were determined and compared with the almost identical B. stearothermophilus enzyme (Fig. 6) . Figure 6A shows that B. caldolyticus Npr had a temperature optimum approximately 8°C in excess of that of B. stearothermophilus Npr. A similar difference was observed when the enzymes were incubated at elevated temperatures and residual activities were determined (ATm = 8.2°C [Fig. 6B] ). Since only three amino acids are different in the two enzymes, these must be responsible for the observed differences in thermostability. The difference in amino acid composition did not affect the specific activity of the enzymes, which were nearly identical: 21 and 27 kU/mg for B. caldolyticus and B. stearothermophilus Npr, respectively. Inhibition experiments with the specific Npr inhibitor phosphoramidon showed similar sensitivities of both enzymes for this inhibitor (K, = 0.3 and 0.5 ,uM for the B. caldolyticus and B. stearothermophilus enzymes, respectively). The pH optimum for the B. caldolyticus enzyme was determined to be pH 7.0 (results not shown), which was identical to that of B. stearothermophilus Npr.
Although both npr genes were cloned in the same highcopy-number vector (pGDV1), the amount of B. stearothermophilus Npr produced was approximately seven times higher than that of the B. caldolyticus enzyme (results not shown).
Construction and characterization of mutant neutral proteases. A set of seven mutant Nprs was constructed by using site-directed mutagenesis and restriction fragment exchange, as described in Materials and Methods. The mutant Nprs were purified with Bacitracin-silica, and their purity was analyzed by SDS-PAGE. Yields and mobilities of the mutant enzymes were similar to those of the wild-type B. stearothermophilus Npr.
The specific activities of the mutant Nprs were not af- fected by the mutations compared with that of the wild-type enzyme when casein was used as a substrate (results not shown). Thermal stabilities were determined for the three single mutations (Ala-4->Thr, Thr-59--*Ala, and Thr-66->Phe), and Table 4 shows that all three substitutions enhanced the thermal stability of the B. stearothermophilus Npr. The mutation Thr-66-*Phe had the largest effect on thermostability (+6.2°C). Mutations Ala-4--Thr and Thr-56--Ala increased thermostability of the enzyme by 1.75 and 1.5°C, respectively (Table 4) . Determination of the thermostabilities of the double mutants indicated that the effects of the single mutations were additive. However, the thermostability of the triple mutant was not as high as might have been expected from the effects of the single mutations (Table  4) . Combination of the three single mutations should theoretically result in an increase in thermostability of 9.45°C, which is more than one degree in excess of the observed stabilization. Nevertheless, the thermostability of the triple mutant was identical to that of wild-type B. caldolyticus Npr (Table 4) . Inspection of Table 4 also shows that the effects of the incorporation of a third mutation on the thermostability of a double mutant were less than the contribution of that mutation to the thermostability of the wild-type Npr.
DISCUSSION
The incorporation of skim milk in the plates on which the genomic B. caldolyticus gene library in phage EMBL12 was plated enabled an enzymatic screening of phages containing DNA fragments encoding proteolytic enzymes. The combination of this enzymatic screening and plaque hybridization with heterologous probes resulted in the rapid identification of the fragment of B. caldolyticus chromosomal DNA specifying neutral protease activity. The presence of proteolytically active phages which did not hybridize with the nprspecific probes suggests that this screening method may be also useful for the isolation of other bacterial protease genes. DNA fragments from phage calII-9 were transferred to strain B. subtilis DB117, deficient in neutral and alkaline protease activity, by subcloning in pHPS9 and pGDV1, and proteaseproficient clones were obtained. The nucleotide sequence of a 2-kb Hinfl-MluI fragment was determined and revealed an ORF of 1,632 nucleotides similar to the npr gene from B. stearothermophilus (38) .
The derived amino acid sequence was compared with the Npr of B. stearothermophilus and shown to be similar ( Fig.  5 ; Table 3 Examination of the three residues in a three-dimensional model of the B. stearothermophilus Npr, constructed on the basis of the well-defined thermolysin structure (6) , showed that residues 4, 59, and 66 are located at the surface of the protein (Fig. 7) .
In general, solvent-exposed residues are not supposed to be key residues in the stabilization of proteins (4, 26) . The results presented here suggest that solvent-exposed residues may be quite important in determining the thermal stabilities of neutral proteases. Stabilization of proteins by substitution of solvent-exposed residues has also been observed by Kubo and Imanaka (18) and Pakula and Sauer (26, 27) 
